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Modeling Macrosegregation during Direct-Chill Casting
of Multicomponent Aluminum Alloys
Q. DU, D.G. ESKIN, and L. KATGERMAN
A macrosegregation model for direct chill casting of multicomponent aluminum alloys is
implemented using the macroscopic transfer model, microsegregation model, and phase dia-
gram calculation module, and applied to an Al-Cu-Mg alloy. The phase diagram calculation
module is based on the TQ-Interface of CALPHAD software THERMO-CALC and the
mapping technique initially proposed by Dore et al. This mapping technique is modiﬁed in
arranging the mapping axes where the tabulation is performed to increase the access eﬃciency.
This strategy provides a practical solution for quick access to phase diagram data in modeling
macrosegregation of multicomponent alloys. It is found from our simulation that the contri-
bution of each of the solute elements to the solutal buoyancy aﬀects the ﬁnal segregation
pattern. The appropriate choice of the solidiﬁcation path is important for the shrinkage-induced
macrosegregation. The model is applied to a real direct-chill (DC) casting experiment and a
reasonable semiquantitative agreement with experimental data has been obtained, though the
model does not take into account the possible contribution of ﬂoating grains and exudation.
DOI: 10.1007/s11661-006-9042-0
 The Minerals, Metals & Materials Society and ASM International 2007
I. INTRODUCTION
MACROSEGREGATION modeling became a
working instrument thanks to the pioneering work of
Flemings et al. in the 1960s.[1] The main mechanism
behind macrosegregation is now well understood,
i.e., the transport of segregated alloying elements at
the scale of a casting by the relative movement of
liquid and solid phases. The most widely used mac-
rosegregation models are single domain methods,
based on either volume averaging technique[2,3] or
mixing theory,[4] in which the rigid solid phase usually
is treated as highly viscous ﬂuid (pseudo-ﬂuid
concept). Recently, Beckermann[5] gave a good review
of macrosegregation modeling, emphasizing the appli-
cations of macrosegregation models in various indus-
trial casting processes.
Our research work is intended to enable the applica-
tion of macrosegregation modeling in the industrial
direct-chill (DC) casting process by implementing an
eﬃcient method to access the phase diagram data and by
taking full advantage of the features provided by the
commercial CFD software, CFX-5,* such as unstruc-
tured meshing and parallel computing.
Over the last decade, several articles have been
published with an attempt to extend the application of
macrosegregation models to ternary alloys,[6,7,8] because
the local solidiﬁcation path can be changed dramatically
by the addition of alloying elements. Krane and Incrop-
era concluded that the continuum mixture equations of
ternary alloys were essentially the same as those for a
binary alloy, diﬀering only in the addition of a second
species Eq. [6] They also found in their simulation results
on the lever-rule type solidiﬁcation of a ternary Pb-Sb-Sn
alloy that macrosegregation of the solutes was altered
signiﬁcantly from the familiar patterns of the binary
systems when the alloy composition was close to the
monovariant lines of the ternary phase diagram. If the
secondary solidiﬁcation occurred deep in the mushy
zone, the resulting microsegregation had only small
eﬀects on the ﬁnal redistribution of solute.[7] The addition
of a second alloying element may also change the ﬂow
velocity through the solutal buoyancy term, and there-
fore may alter the ﬁnal macrosegregation pattern. It
remains, however, unclear if this eﬀect is important inDC
casting of aluminum alloys.
The extension to multicomponent alloys with a ‘‘real’’
phase diagram is of great industrial interest but requires
a special strategy. The diﬃculty in solving the set of
equations for multicomponent alloys originates from the
demand to have an easy and quick access to the phase
diagram information. To solve this problem, indirect
coupling with a CALPHAD type of software, namely,
the mapping technique, has been implemented and
successfully applied to describe Al-Mg-Si solidiﬁcation
paths.[9] In this approach, the information related to
each forming solid phase, including its liquidus and
partition coeﬃcients, is tabulated into a ﬁle, and a
speciﬁc phase diagram module is provided to deduce
equilibrium phase fractions and concentrations under a
given temperature/composition condition. This strategy
can be improved in macrosegregation simulation of DC
casting of aluminum alloys based on the following
considerations.
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(1) Although solidiﬁcation proceeds in a nonequilibri-
um way, local equilibrium is often assumed at the
solid-liquid interface under the solidiﬁcation condi-
tions experienced in DC casting. Microscopic mod-
els can be built on the data about the equilibrium
state at a given temperature and the average con-
centration.
(2) The types and fractions of the secondary phases
are not important except for their inﬂuence on the
liquid concentration and fraction. All of the solid
phases can be treated as a single phase, which is a
reasonable approximation for the mixture momen-
tum and enthalpy according to Reference 6, if the
solid phase densities and speciﬁc heats are close to
one another.
In Reference 9, a mapping ﬁle is created in terms of the
liquidus compositions and partition coeﬃcients, and then
a quite CPU-time-consuming procedure for complex
multicomponent phase diagram calculation, which is
required to obtain phase fraction and concentration, has
to be repeatedduring themain calculation.This repetition
can be avoided if the mapping ﬁle is created in the axes of
temperature and average composition for the liquid
fraction and the liquid concentration based on the lever
rule. Once the mapping ﬁle is obtained, only a simple
interpolation procedure is needed during the main calcu-
lation. This technique is proposed in the present article
and explained in Section II, where the macrosegregation
and microscopic models are described as well.Numerical
implementation is given in Section IV, and the calculation
results are discussed in Section V. Section VI summarizes
the results and presents conclusions.
II. MODEL DESCRIPTION
The macrosegregation model consists of three parts: a
macroscopic transfer model, a microscopic model, and a
phase diagram calculation module based on the map-
ping technique. They are described in the following
sections.
A. Macroscopic Transfer Model
The model originally formulated by Bennon and
Incropera[4] and reassessed by Prescott and Incropera[10]
is adopted as the macroscopic description to predict
macrosegregation during DC casting of multicomponent
alloys. As is done in most of the studies on this
subject,[7,11,12] turbulence in the liquid pool of the billet
is neglected because its contribution to the overall
macrosegregation pattern is small, whereas the increase
in the computation time is very large. Table I summarizes
themathematical formulation of the rigid networkmodel.
The closure of the set of conservation equations listed
in Table I requires supplementary relationships for
phase mass fraction and composition, which can be
derived from microscopic-scale consideration. In this
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article, these relationships for multicomponent alloys
are obtained based either on the lever rule or on the
Gulliver–Scheil equation, and they will be given in more
detail in Section B.
The macrosegregation model was implemented using
the commercial software CFX, with the exception of the
additional advection-like source term in the enthalpy and
the solute transfer equation. These terms were imple-
mented within a custom version of the CFX-5.7.1 solver.
For the advection term, the high-resolution scheme is
employed. The details about the numerical scheme can be
found in theCFX-5 Solver TheoryManual. The use of the
CFX software oﬀers the advantages of unstructured
meshing and parallel computing, which are essential for
the application to large-scale DC casting. Unstructured
meshing allows good spatial resolutions without increas-
ing themesh number, which is important for the accuracy
of calculations, especially in areas such as the place close
to the liquidus line, where chemical inhomogeneities are
initiated and the relative movement between the liquid
and solid is present.[13]
B. Microscopic Model
Essential for the extension of the macrosegregation
model to multicomponent alloys is the description of the
solidiﬁcation path for a multicomponent alloy, i.e., a
microscopic model relating the speciﬁc enthalpy and
local average solute concentration variations to the solid
fraction, temperature, and solute concentrations in the
solid and liquid parts of the two-phase volume elements.
For a given small volume subject to heat extraction and
transport of species in the mushy zone, the following
equations can be written to obtain the solidiﬁcation
paths assuming that the enthalpy and average concen-
tration variation rate, _H and _Ci, are known from solving
the macroscopic transport equations.




_Ci ¼ _fsCis þ _flCil þ fs _Cis þ fl _Cil
1 ¼ fs þ fl
½6
Although _H and _Ci can be obtained by solving the
conservation equations in Table I, it has to be men-
tioned that in order to be able do that, Eq. [6] has to be
included to close the conservation equations, and these
two sets of equations have to be solved simultaneously.
This is the so-called micro-macro coupling. In our
calculations, the Newton–Raplson iteration has been
adopted to solve this problem.
The set of Eq. [6] is written for a system where the solid
and liquid phases have the same densities and speciﬁc
heats. It has no consequences for other calculations
performed in this article, where these properties are
diﬀerent for diﬀerent phases.
The primary phase and the liquid phase, along with
all other phases precipitated later during solidiﬁcation,
are included in the phase equilibrium calculation.
Thus, the eﬀects of the precipitation of secondary
phases on the liquid fraction and the liquid concen-
tration are taken into account on the microscopic
scale. On the macroscopic scale, when the conserva-
tion equations are solved, the secondary phases are
treated together with the primary phase as a single
solid phase, so no distinction between the diﬀerent
solid phases is made. It is also assumed that
the precipitated secondary phases have the same
physical properties as the primary phase, following
Reference 6.
In order to solve this set of equations and to obtain
the local solidiﬁcation path, two supplementary rela-
tions have to be determined. The ﬁrst relation describes
the dependence of the solid fraction on temperature and
average concentration, and the other gives the relation
between the average solid and liquid phase composi-
tions. In general, these two relations have to be deduced
based on the following conditions:
(1) the assumption of local equilibrium at the solid-li-
quid interface, and
(2) by solving solute diﬀusion in the solid and liquid
on the scale of grain size/dendrite arm upon typi-
cal DC casting conditions.
These conditions, together with the solute balance
equation at the interface, enable us to deduce the
interface velocity, and thus, the ﬁrst required supple-
mentary relation is obtained. The other supplementary
relation between the average concentration in the solid
and liquid phases can be obtained based on the second
condition.
Models with diﬀerent levels of complexity, ranging from
a linear approximation of the solute proﬁle in the dendrite
arms to the fully numerical solution of the diﬀusion
equations with moving boundary, have been developed to
obtain these relations.[8,14,15] In our implementation, the
microscopic module is a stand-alone application program
that is coupled with THERMO-CALC* to deal with
multicomponent alloys. Their coupling with the macro-
scopic transfer module is based on the mapping technique
discussed in Section C. The solidiﬁcation path of a ternary
alloy derivedwith the lever rule has beendescribed in detail
in References 6 and 7. The Gulliver–Scheil model formu-
lation is given in Reference 16. However, instead of
truncating the liquid fraction when it is less than a given
threshold, the assumption made in Reference 17 is
adopted, which assumes an equilibrium state in the
remaining interdendritic liquid as soon as the liquidus of
a secondary phase has been reached. The full set of
equations is given in Table II.
As discussed in Reference 18, remelting occurring
during DC casting may bring diﬃculties, because the
local equilibrium assumption does not hold at the solid-
liquid interface owing to back-diﬀusion in the solid.
Therefore, it has been proposed by Rappaz and Voller
that, during remelting, the solid concentration at the
* THERMO-CALC is a trademark of Thermo-Calc Software AB,
Stockholm.
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interface is not given by the equilibrium condition but
by the previous, ‘‘frozen’’ proﬁle.[18] This means that the
entire solid concentration proﬁle has to be stored, which
increases the demand for computational memory. A
simpliﬁed alternative used in the current article is that
the solid concentration proﬁle can be adjusted instan-
taneously to the average local concentration changes to
an extent that this open system behaves as a close system
with the same local composition solidifying in the Scheil
mode. This means that the varied part of the average
solute, which is usually very small, diﬀuses suﬃciently so
that this open system is like a close system with the same
average concentration and temperature. Therefore, for
this open system, its solid solute proﬁle along dendrite
arms still can be calculated based on the Gulliver–Scheil
equation. This approximation still keeps the conserva-
tion of the solute. It implies that both the solid and the
liquid phases in the open system feel the macroscopic
variation in an average way and adjust their fractions
and concentration proﬁles immediately, while in the
previous approach,[18] the variation is felt by the liquid
only, and the solid is aﬀected by adapting its interface
portion to the liquid phase.
C. Mapping Technique
To test the feasibility of our idea proposed in Section I
that the mapping ﬁle is created in terms of average
concentration and temperature for liquid concentration
and fraction, the following estimation was made. For a
given (n + 1)-ary alloy with a nominal composition of
Cm, we assume that its relative segregation is between –
15 pct and +15 pct and its solidiﬁcation range is 100 K.
Let us have 100 nodes in resolving the solid range (1 K per
node) and 15 nodes in the variation range of the average
concentration of alloying element i (0.02Cimper node). The















¼ 100  15n
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The total line number, total variable number, and the
memory (8 bytes per variable) required are shown in
Figure 1. This strategy will work well for ternary and
quaternary alloys. Some optimizations have to be used
for quinary alloys, and diﬃculties are expected in six-
component alloys under the currently readily available
conﬁguration of a personal computer (100 GB hard disk
and 2 GB memory). Further improvement of this
strategy could be the employment of nonuniform
mapping steps.
For a model with a more advanced description of
solidiﬁcation kinetics, the mapping ﬁles tabulated based
on the lever rule can also be used in the so-called
interface cell.[17] Another beneﬁt of the strategy pro-
posed previously is that it is quite easy to switch the
solidiﬁcation path from the lever rule to the Gulliver–
Scheil equation, which would only require the compila-
tion of mapping ﬁles based on the latter approximation.
As discussed in Reference 18, the Gulliver–Scheil
equation gives a better description of the real and
nonequilibrium solidiﬁcation path than the lever rule. In
Reference 19, the coupling of a multiphase solidiﬁcation
simulation with a multicomponent phase diagram
was carried out. They linked the macroscopic variables,
Table II. Supplementary Relationships Required for the Closure of the Macroscopic Conservation Equations
Lever Rule Gulliver–Scheil Equation
T > TLiqðCimÞ; fl ¼ 1;Cil ¼ Cim
TLiq  T  TSol;
Cim ¼ ð1 flÞkiCil þ flCil
T ¼ TLiqðCilÞ
(
T<TSolðCimÞ; fl ¼ 0;Cil ¼ Cim=ki
T > TLiqðC imÞ; fl ¼ 1; Cil ¼ Cim















Fig. 1—Schematic graph for showing the requirements for the map-
ping technique.
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i.e., the average liquid concentration to the microscopic
variables (i.e., the concentrations of the solid and liquid
phases at the interface). This link can also be built with
the mapping technique because there is a unique
corresponding relation between the macroscopic vari-
able and the microscopic one.
III. NUMERICAL IMPLEMENTATION
The model is applied to a round billet 200 mm in
diameter and 453 mm in length. The length of the hot
top (only its ceramic part embedded in the mold is
modeled), mold, air gap, and impingement zone are 20,
15, 10, and 8 mm, respectively, as schematically shown
in Figure 2. The settings for the billet and mold
dimensions are identical to those used in the experiments
described elsewhere.[20] An axisymmetric two-dimen-
sional (2-D) model was used in this work. The 2-D
calculation domain used in the reported calculations
consisted of 66,583 unstructured cells with a minimum
edge size of 1 mm and a maximum size of 2 mm. The
dependence of the calculation results on the mesh size
was also evaluated, and the results (not given in this
article) showed that the solution is independent on the
mesh size used.
The melt of an Al-3.5 wt pct Cu-1.5 wt pct Mg alloy
at a temperature of 997 K enters from the inlet at the
casting speed 120 mm/min multiplied by the ratio
between the densities of the solid and liquid phases. At
the outlet, the solid leaves the domain at the casting
speed. A no-slip ﬂow boundary condition is applied on
all walls. To make the solid, which adheres to the walls
of the mold, air gap, impingement, and water ﬁlm
domains, to have a velocity equal to the casting speed,
the velocities of the walls of all mentioned domains are
intentionally set to be equal to the casting speed. The
boundary condition for the heat-transfer equation is as
follows: at the inlet, the melt enters at the casting
temperature; and, at the outlet, an adiabatic boundary
condition is applied. The hot top does not extract any
heat, but the chill mold, air gap, impingement zone, and
water ﬁlm zones do. The heat ﬂuxes on these walls are
calculated by heat-transfer coeﬃcients, which are 5000,
2500, 10,000, and 10,000 W m–2 K–1, respectively. These
boundary conditions, together with the mesh used, are
shown in Figure 2. Other input parameters required for
this model are related to thermodynamic and physical
properties of this alloy and are listed in Table III. For
the sake of simplicity, the diﬀusion coeﬃcients of the
species are taken as equal, because they are insigniﬁcant
in determining the ﬁnal segregation pattern. Calcula-
tions were performed for steady-state conditions.
Five cases were considered, as summarized in
Table IV.
The hypothetical pseudo-binary system section of the
ternary Al-Cu-Mg phase diagram mentioned in case 1 is
shown in Figure 3. The partitioning of Mg at the
microscopic scale is considered, but the macroscopic
solute transfer is not. Therefore, there is an inﬂuence of
Mg on the solidus and liquidus lines, but there is no
macroscopic segregation of this element; its average
concentration is ﬁxed at the nominal value. For Gulli-
ver–Scheil type solidiﬁcation, the Cu concentration of
the liquid phase follows the liquidus line shown in
Figure 3, and the Cu concentration of the solid phase at
the solid-liquid interface follows the solidus line. This
solidiﬁcation path reﬂects the hypothetical ternary alloy
where only one of the solutes segregates.
In cases 2 through 4, the solidiﬁcation paths of this
alloy are according to the full ternary phase diagram.
The two solidiﬁcation paths, based on the lever rule and
Gulliver–Scheil equation, respectively, are drawn on the
projected liquidus surface of the ternary Al-Cu-Mg
Fig. 2—Mesh used and the boundary conditions imposed.
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phase diagram in Figure 4. For the lever-rule type
solidiﬁcation, the solidiﬁcation ends at a higher temper-
ature and there is no secondary phase formed. While in
the case of the Gulliver–Scheil type solidiﬁcation, the
solidiﬁcation path hits the monovariant line. Afterward,
as the solidiﬁcation proceeds, the Cu concentration in
the liquid phase keeps increasing while the Mg concen-
tration in the liquid phase decreases, which is a unique
characteristic that is not present in the binary case.
Finally, the solidiﬁcation ends at the ternary eutectic
point. A mapping ﬁle contains several thousand of these
kinds of paths for a wide range of composition so that it
gives a full description of the solidiﬁcation paths
encountered in the calculations.
As described in Section II, the mushy zone perme-
ability is assumed to be isotropic and is evaluated using
the Blake–Kozeny expression. In cases 1 through 4, the
permeability coeﬃcient, K0, which is proportional to the
square of dendrite arm spacing, is set to 6.67 · 10)11 m2,
as in Reference 11. In case 5, the permeability is
5 · 10)10, while the rest of the parameters in this
calculation are the same as in case 4. As discussed in
Reference 12, the permeability of the mushy zone may
determine the sign and the extent of the centerline
segregation. The motivation of performing case 5 is to
have better agreement with the measured experimental
segregation proﬁle by tuning the permeability coeﬃcient.
IV. RESULTS AND DISCUSSION
Cases 1 and 2 are examined for parametric study
purposes, and, artiﬁcially, solidiﬁcation shrinkage is
not taken into account. It is intended that by compar-
ing these two cases, the eﬀect of the solute Mg to the
overall macrosegregation proﬁle could be revealed. The
solute transfer equation for Mg has been solved in case
2 and has not been solved in case 1. As has been
concluded in the parametric study in Reference 21,
solutal buoyancy is more eﬀective than thermal buoy-
ancy in augmenting the ﬂow that brings the solute to
the center and tends to form positive segregation there.
Therefore, this solutal buoyancy caused by the addition
of a second alloying element, which is only present in
case 2, may make some diﬀerence in the ﬁnal segre-
gation pattern. Due to the fact that the liquid phase
density is inversely linked to the concentration of Mg,
Table III. Thermodynamic and Physical Properties of an
Al-3.5 Wt Pct Cu-1.5 Wt Pct Mg Alloy[21,22,23]
Property Values Property Values
ll 0.0013 kg m
–1 s–1 cl 1054 J kg
–1 K–1
ql 2460 kg m
–3 kl 95 W m
–1 K–1
bT,l 1.17· 10–4 K–1 qs 2750 kg m–3
bCu,l 0.73 cs 958 J kg
–1 K–1
bMg,l –0.41 ks 180 W m
–1 K–1
DCul 3 · 10
–9 m2 s–1 L 3.9· 105 J kg–1
DMgl 3 · 10
–9 m2 s–1 K0 6.67 · 10–11 m2
Table IV. Main Characteristics of Calculations Performed in the Present Work
Case 1 no solidiﬁcation shrinkage, thermosolutal buoyancy, and Gulliver–Scheil equation with a hypothetical pseudo-binary
system section
Case 2 no solidiﬁcation shrinkage, thermosolutal buoyancy, and Gulliver–Scheil equation with the ternary phase diagram
Case 3 solidiﬁcation shrinkage, thermosolutal buoyancy, and lever rule with the ternary phase diagram
Case 4 solidiﬁcation shrinkage, thermosolutal buoyancy, and Gulliver–Scheil equation with the ternary phase diagram
Case 5 The same as case 4, but with a higher permeability constant
Fig. 3—Vertical section of the ternary Al-Cu-Mg phase diagram
with the weight fraction of Mg equal to 1.5 wt pct, calculated by
THERMO-CALC.
Fig. 4—Solidiﬁcation paths for an Al-3.5 wt pct Cu-1.5 wt pct Mg
alloy based on the lever rule or the Gulliver–Scheil equation, calcu-
lated by THERMO-CALC.
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it is expected that the extent of macrosegregation of Cu
in case 2 would be less than in case 1. Results shown in
Figure 5 conﬁrm this estimation. Both cases 1 and 2
predict positive centerline segregation, and in case 2,
the relative segregation of Cu is 1.7 pct, which is about
20 pct less than in case 1. This alleviation in macro-
segregation in case 2 is caused directly by the fact that
the ﬂow beneath and along the liquidus contour and
upward ﬂow at the center in case 2 is weaker than in
case 1. Figure 6 illustrates the contribution of solutal
buoyancy to the ﬂow pattern in the billet sump by the
velocity diﬀerence, which is calculated by the velocity
ﬁeld in case 1 minus that in case 2. This velocity
diﬀerence is more detectable close to the center of the
billet with a magnitude of 0.8 mm/s. Consistently, it is
the place where the maximum diﬀerence in average
concentrations occurs.
The small variation of the relative concentrations in
the outer part of the billet between 0.06 and 0.09 m
along the radius, as shown in Figure 5, are apparently
linked to a peculiar ﬂow pattern (vortices) that appears
close to the coherency isotherm in this section of the
billet. It is premature to discuss if these oscillations are
physical. More experimental and numerical work is
needed.
Cases 3 and 4 take into account solidiﬁcation shrink-
age. In the center of the billet, negative segregation is
predicted in these two calculations, as illustrated in
Figure 7.
Previously, we have shown that shrinkage-induced
ﬂow occurs in the deep part of the mushy zone, i.e.,
beneath the coherency solid fraction contour, estimated
in Reference 21 as 0.2. This shrinkage-induced ﬂow is
almost perpendicular to the solid fraction contour and is
directed to the deeper part of the mushy zone with the
magnitude at a scale of 0.1 mm/s. There are two
components in this ﬂow: one is horizontal along the
radius directed toward the billet surface and the other is
vertical along the casting direction. Although the
vertical downward ﬂow will dilute the local volume
element by bringing less enriched liquid into it, the
negative centerline segregation will not form if only this
vertical downward ﬂow is present, because as solidiﬁca-
tion proceeds, the process eventually comes to the
point when less and less solute is taken out and only
solute accumulation occurs. This case is identical to the
steady-state unidirectional solidiﬁcation analyzed by
Flemings and Nereo.[1] It is the horizontal component
that takes the solute away from the center to the
surface.[12,24,25] The depletion in the center cannot be
compensated, as there is no horizontal inﬂow of the
solute from more enriched regions. At the surface, there
is a pileup of the solute as there is no outﬂow. Therefore,
there is an overall solute transfer from the center of the
billet to its surface. Because the magnitude of the
induced ﬂow is mainly dependant on the shrinkage
ratio, one may conclude that macrosegregation can be
reduced by making the solid fraction contour ﬂatter so
that the horizontal component of the shrinkage-induced
ﬂow will be smaller. On the other hand, all the measures
that cause a steeper solid fraction isoline, such as
increasing the casting speed, will lead to more severe
negative centerline segregation resulting from shrinkage-
induced ﬂow. A more careful treatise of the relationship
between the macrosegregation and the steepness of the
coherency isotherm has been reported in a separate
article.[26]
Case 4, based on the Gulliver–Scheil approximation,
predicts more severe segregation than case 3 based on
the lever rule, highlighting the importance of having a
good description of the solidiﬁcation path of a multi-
component alloy when solidiﬁcation shrinkage is pres-
ent. The severe segregation in case 4 can be easily
understood by examining the solidiﬁcation paths
shown in Figure 4, because the liquid phase is much
more enriched upon Gulliver–Scheil type solidiﬁcation.
Therefore, under the same ﬂow condition caused by
solidiﬁcation shrinkage in the deep part of the mushy
zone, there is more transferred solute in case 4 than in
case 3.
Fig. 5—Relative segregation of Cu and Mg [Cm – C0]/C0 along the radius from the center (on the left) to the surface (on the right) of a billet
cast at 120 mm/min; cases 1 and 2 are explained in Table IV. Note that the relative segregation of Mg obtained in case 1 is zero.
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The comparison of the calculated results in Figure 7
with experimental values in Figure 8 (a) shows that,
although the qualitative agreement is found in terms of
the general segregation pattern and the diﬀerence in Mg
and Cu segregation, the predicted negative centerline
segregation is overestimated.
There are many factors that could contribute to this
overestimation such as the values of physical properties
used and the assumptions made in the model. However,
a permeability model is believed to be an important
contributor due to the diﬃculties in measuring the
permeability and to the assumption made in the model
(the rigid network model is not accurate when the solid
fraction is low). To obtain better agreement with the
experimental results, case 5, in which the permeability
constant was increased by a factor of 7.5 to 5 · 10)10,
was considered. The results presented in Figure 8(b)
show some improvement as compared with the calcu-
lation results shown in Figure 7. However, this agree-
ment is based on the higher permeability constant, i.e.,
the coarser microstructure, because the permeability







The resultant dendrite arm spacing is 300 lm. It is much
higher than the experimentally measured one, i.e., 20 to
30 lm. This discrepancy exposes the potential problem
in applying the Blake–Kozeny relation to calculate
permeability in the range of very low solid fractions. A
way to overcome this problem has been suggested by
Vreeman et al. in Reference 28; the ﬂow in the range of
very low solid fractions is not modeled by the Darcy law
but by a simple drag model. This improvement will be
explored in our future study and is beyond the scope of
this article. At this moment, it is concluded from this
confrontation with the experimental data that a semi-
quantitative agreement is achieved when both thermo-
solutal buoyancy and shrinkage are taken into account.
A better description of the permeability in the slurry
zone is needed to have a better agreement with the
experimental data.
There are still some diﬀerences in segregation proﬁles
between case 5 and the experimental measurement. At
the middle of the radius, case 5 predicts rather ﬂat and
slightly negative segregation, while the experimental
measurement shows relatively large positive segregation.
About 1 cm beneath the surface, there is a negative
segregation in the experimental measurement, which is
not present in case 5.
Although both case 5 and the experimental measure-
ment give positive segregation at the surface, the extent
in the latter case is much larger. There are a few factors
that may aﬀect the segregation pattern but have not
been explored in this article, i.e., ﬂoating grains,
exudation, and possible numerical eﬀects caused by
the choice of the mesh. These issues will be the subjects
of future work.
Fig. 6—Velocity diﬀerence calculated by the velocity ﬁeld in case 1 minus that in case 2.
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Fig. 7—Relative segregation of Cu and Mg [Cm – C0]/C0 along the radius from the center (on the left) to the surface (on the right) of a billet.
Cases 3 and 4 are explained in Table IV.
Fig. 8—(a) Experimentally observed and (b) calculated macrosegregation of Cu and Mg in a 200-mm round billet of a grain-reﬁned 2024
(Al-Cu-Mg) alloy cast at 12 cm/min; case 5 is explained in Table IV.
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V. SUMMARY AND CONCLUSIONS
A macrosegregation model is implemented in a
commercial CFD code using a modiﬁed mapping
technique and applied to a ternary Al-Cu-Mg alloy.
Our study shows the following.
1. The addition of the secondary alloying element,
Mg, will inﬂuence the ﬁnal segregation pattern by
its contribution to the solutal buoyancy term. It is
important to consider the contribution of every sol-
ute to the buoyancy force, as shown in cases 1 and
2; they may have opposite contributions to the
overall ﬂow.
2. An appropriate choice of the description of the
solidiﬁcation path is important in predicting the
macrosegregation induced by solidiﬁcation shrink-
age, as concluded from the comparison of cases 3
and 4.
3. Semiquantitative agreement with the experimental
data is achieved in calculations that take into
account both thermosolutal buoyancy and shrinkage.
Some overestimation of centerline segregation is ob-
tained, though the model used does not take into
account the eﬀect of ﬂoating grains on macrosegre-
gation. A better description of the permeability in
the mushy zone, solid transport in the slurry zone,
and surface exudation is needed to obtain better
agreement with experimental data.
NOMENCLATURE
cp speciﬁc heat (J/kg K)
C mass fraction of alloy element




k equilibrium partition coeﬃcient
K permeability (m2)
p pressure (N/m2)
L latent heat (J/kg)
ms liquidus slope (K)
t time (s)
T temperature (K)
TEut eutectic reaction temperature (K)
TLiq liquidus of composition Cm (K)
TSol solidus of composition Cm (K)
V velocity (m/s)
bC solutal expansion coeﬃcient
bT thermal expansion coeﬃcient (1/K)
k thermal conductivity (W/m K)
l dynamic viscosity (kg/s m)
q density (kg/m3)
RE eutectic reaction rate (K
–1)
Subscripts
l, s, and m liquid, solid, and mixture, respectively
i alloying element i
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